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1. Introduction
Asia is a large, diverse and rapidly changing region. In 2010, Asia
was home to 60.4% of the world population. Between 1990 and
2010, Asia’s population grew by more than 20%, from 3.43 billion to
4.13 billion (United Nations, 2010). Asian cities absorbed
approximately 78% of this growth, bringing the region’s urbaniza-
tion level up to 42.5% in 2010.
According to the World Bank (2012) in 2010 the Asian region
accounted for approximately 36% of global Gross Domestic Product
(GDP) measured in purchasing power parity (PPP) terms (current
International $). These data suggest that in 1990, the region’s GDP
was approximately $6.6 trillion and by 2010, it grew to $27.7
trillion. Three of the top 5 economies in the world are now in Asia:
Japan, China and India (ADB, 2010). Over the recent past, while
there have been occasions where the regional economy stalled, in
1997 and 2008–09, many countries in the region have demon-
strated resilience to global economic ﬂuctuations. Overall, the
region’s economy grew by 7.2% in 2011 with urban areas
contributing approximately 80% of growth (ADB, 2012; UN-
Habitat, 2011).
With economic growth outpacing population growth, the
incidence of poverty in Asia has declined. In 1990, approximately
955.4 million persons lived in poverty (under $1/day) throughout
the region, accounting for 77% of the global poverty. By 2004, this
number shrank to 615.3 million, which accounted for 64% of the
global total (Ahmed et al., 2007). At the same time, the absolute
number of persons in Asia living in poverty remains staggering and
the incidence of poverty in urban areas is likely to be under-
estimated (Hardoy et al., 2001). Moreover, given the rapid wealth
increases for some of the population, income polarization has
become an important concern for the region (ADB, 2012) and
particularly in Asian cities (UN-Habitat, 2011).
Predictions for Asia suggest that the overall population,
urbanization level and economy will continue to rise. The UN
(2005) predicts by 2030 that Asia will grow in population to reach
4.87 billion, reach approximately 53% urban and account for more
than 53% of the world’s urban population (United Nations, 2010).
Analysts expect Asia to contribute approximately 40% of global
GDP by 2030 and the region’s contribution may surpass 50% of
global GDP by 2050 (ADB, 2011). China’s GDP may exceed that of
the USA’s before 2030 (O’Neill and Stupnytska, 2009; The
Economist, 2010).
Asia is rapidly becoming a region of middle income nations
(ADB, 2010). As such, growth in the region is having and will
continue to have global environmental effects. For example, in
2009, automotive vehicle sales in China surpassed that of the USA
(Ward’s, 2010). India and China alone, from 2000 to 2050, are
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expected to experience an 80-fold increase in automobile
ownership from 13.9 million to 1.13 billion vehicles and these
two countries’ crude oil consumption is predicted to rise more than
7-fold from 6.9 thousand barrels a day to 48.7 thousand barrels a
day during this period (Wilson et al., 2004).
Given the dramatic changes and the region’s growing inﬂuence
globally on many levels, Asia provides an interesting and
important case study for understanding the dynamics of growth
and its impact on the environment. This paper establishes a
baseline estimation of urban greenhouse gas (GHG) emissions in
2000 and identiﬁes a number of covariates associated with
variation among urban emissions levels.
Our approach is a top-down method using spatially disag-
gregated data that covers the whole Asian region. The approach is
different from other studies and results in a unique urban GHG
emissions inventory. In the literature review we overview the
conventional urban GHG protocol issues. We then explain in some
detail our method including potential inaccuracies and uncertain-
ties of the data and analysis employed. Thereafter we present the
ﬁndings, which focus on both the identiﬁcation of urban GHG
emissions for the year 2000 and the inﬂuences on cross-sectional
variance. Finally we discuss the meaning and implications of our
ﬁndings and conclude with ideas for further study.
2. Literature review
As early as the 1980s, individual municipalities were preparing
action plans for GHG emissions reductions based upon inventories
(Harvey, 1993). Over time the methods for estimating urban GHGs
have increased in sophistication (for reviews see, Dhakal, 2010;
Kennedy et al., 2009b). Recent studies have aggregated published
GHG emissions from individual cities and increasingly researchers
are compiling and cross-tabulating outputs (Hoornweg et al.,
2011). In this literature review we ﬁrst examine the various
accounting methods that have been used to generate urban GHG
emissions in cities around the world. We then review studies that
have examined factors that inﬂuence total GHG emission levels.
2.1. Urban GHG accounting
As Kates et al. (1998, p. 22) suggest, ‘‘there is no end to the
minutiae of detailed information that is necessary to fully
characterize greenhouse gas emissions and emission reduction
opportunities.’’ In principle, comprehensive inventories would
include estimates for all major GHGs and the major source
activities of these emissions related to urban activities. Obtaining
such comprehensive emissions data for cities is difﬁcult under the
best of circumstances. Most often, urban inventories are limited by
available data at the appropriate scale. In order to rationalize data
collection and analysis, we follow Bader and Bleischwitz (2009)
and focus on three categories of concern to urban GHG emissions
accounting (Table 1): what is the relevant unit of geography; what
is measured as representing urban GHG emissions; and, how are
the emissions measured?
2.1.1. What is urban?
Identifying the exact urban boundaries for measurement is of
particular importance in generating measurements that represent
conceptually comparable spheres of economic and social activity.
For comparative international studies, the deﬁnition of urban
creates challenges, as countries deﬁne ‘‘urban’’ in different ways
(see for example, United Nations, 2010) and obtaining relevant and
comparable data at similar ‘‘urban’’ geographies is difﬁcult.
Urban GHG studies use a number of fundamentally different
urban deﬁnitions. Urban analysts sometimes restrict measure-
ments to political or administrative borders of a municipality,
often to help in sustainability or climate change action plans (see
for example, City of Sydney, 2008). Such approaches risk missing
important drivers of energy demand that are outside of their
administrative boundaries. In the USA, some researchers suggest
that the county is the best deﬁnition for urban, as it matches policy
maker needs and is the smallest unit for which energy data are
collected (Parshall et al., 2010). Other studies open analysis to the
wider metropolitan region (Chicago Climate Task Force, 2008) or
use urban agglomerations as the geographic boundary for GHG
emission inventories (Brown et al., 2008).
Studies of GHG emissions from cities often focus on the large
urban centers such as New York, Tokyo, London, Paris, Delhi, Sao
Paulo, and Barcelona. This trend has emerged partially because
data for these cities are readily available, often based on
inventories compiled to address air quality concerns. There is
evidence that suggest larger cities are disproportionate contribu-
tors of GHG emissions globally (Dhakal, 2009). Nevertheless,
results restricted to large cities may be misleading for policy, as
most of the world’s urban population lives in smaller urban centers
and smaller urban areas typically face more intense environmental
challenges than larger cities (Satterthwaite, 2007; Hardoy et al.,
2001).
2.1.2. What is measured?
The decision about which gases and activities to include in GHG
measurements is equally important for generating comparable
urban GHG estimates. Yet, existing estimates vary substantially
with respect to what is measured.
First, researchers have a number of greenhouse gases that could
be included in analyses. The most substantial anthropogenic GHG
emissions include carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O), hydroﬂuorocarbons (HFCs), perﬂuorocarbons
(PFCs) and sulfur hexaﬂuoride (SF6). Considerable natural ﬂuxes
occur with the ﬁrst three of these constituents of the ‘‘Kyoto
basket’’, while the last three are entirely of anthropogenic origin.
These last gases are emitted in smaller quantities, but are potent
Table 1
Summary of issues to cover in urban GHG inventories.
Variable Continuum
What is urban?
Urban boundary Political boundary $ All urban GHG emitting activities
What is measured?
GHGs measured Only CO2 $ All 6 Kyoto GHGs
GWP values GWP values 2nd IPCC report $ GWP values 4th IPCC report
Scope Only direct emissions $ Direct, indirect and life-cycle emissions
Source sectors All sectors with IPCC deﬁnitions $ Limited sectors, different deﬁnitions
How is it measured?
Method Top down (default emission factors) $ Bottom up (regional/local emission factors)
Source: After Bader and Bleischwitz (2009).
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climate forcers (US EPA, 2011). They are also increasing in
importance, as predictions suggest that HFC emissions may rise
to between 9 and 19% of total GHG emissions by the year 2050
(Stohl et al., 2010; Velders et al., 2009).
Atmospheric warming potency varies greatly among the
different chemicals. Typically researchers standardize GHG calcu-
lations by creating carbon dioxide equivalents (CO2e) estimates for
each gas with global warming potentials (GWPs): the relative
measure of how much heat a GHG traps in the atmosphere. GWPs
vary over speciﬁc time intervals (20, 100 or 500 years) and have
changed over time. For example, the GWP values presented in the
3rd and 4th assessment reports of the International Panel on
Climate Change (IPCC) are different.
Urban researchers largely focus on CO2 emissions. CO2 accounts
for approximately 77% of all anthropogenic GHG emissions, is
relatively long lived in the atmosphere, and therefore researchers
consider it the most important gas for effects like long term
warming (IPCC, 2007). An early study of GHG emissions from 14
urban areas around the world, for example, singles out CO2 as
representative of GHG emissions (Harvey, 1993). Another early
study, Baldasano et al. (1999), focuses on CO2 emissions in their
inventory for Barcelona. Recent studies remain focused on CO2
emissions. Phdungsilp (2010) develops a baseline for Bangkok’s
‘‘carbon futures’’ from emissions factors for fuel demand, where
fuels are translated into tons of oil equivalents and then into
resulting CO2 emissions using speciﬁc emission factors. While
Mitra et al. (2003) examines a number of gases including CO2, CH4,
CO, NOx, hydrocarbons, black carbon and organic carbon, they
focus on CO2 emissions comparisons among Indian cities. Dhakal
(2009), in an analysis of GHG emissions from Chinese cities, uses
emission factors for fuel consumption in tons of oil equivalents,
tons of carbon, or tons of CO2 depending upon the scale of the
analysis. Sovacool and Brown (2010, p. 4861) create inventories for
12 major metropolitan centers around the world, but claim that
the footprints were ‘‘almost entirely based on CO2 emissions.’’ One
review study suggests that for urban areas, levels of GHGs other
than CO2 remain unknown (Dhakal, 2010).
There are, however, some exceptions to limiting urban GHG
inventories to carbon dioxide emissions. Jha et al. (2008) compares
sensed and computed data for CH4 and N2O emissions from
municipal solid waste management practices in Chennai, India.
Kennedy et al. (2009a, 2010) examine 10 urban areas and consider
CO2 and CH4 emissions. Wunch et al. (2009) estimates the CH4
from the densely populated urban region of Southern California.
Second, researchers have a wide range of possible sectors or
end-uses that could be included in the analysis. Among the most
important are waste and wastewater, energy supply, transport,
commercial and residential buildings, industry, agriculture and
forestry (Dodman, 2009; Weisz and Steinberger, 2010; Kennedy
et al., 2009b). Not all studies, however, include all of these sources
and indeed GHG emission inventories vary greatly in this regard.
Early studies include only a few sectors. Harvey (1993) identiﬁes
residential, transportation, and commercial and industrial sources
for his study of 14 cities. Baldasano et al. (1999) mixes sources and
fuel types in their study of Barcelona including vehicle trafﬁc,
natural gas, propane, electricity, and municipal solid waste. Mitra
et al. (2003) emphasize the importance of the energy sector for
Delhi and Calcutta, but also include emissions from cement and
steel production. Some later studies include a larger number of
sources. Phdungsilp (2010) includes residential, commercial,
industrial and transport in a study of carbon emissions from
Bangkok. Sovacool and Brown (2010) study energy use in buildings
and industry, transport, agriculture and forestry, and waste.
D’Avignon et al. (2010) examine household, commercial, farming,
power generation, industrial transport and non-energy uses for the
Brazilian cities of Sao Paulo and Rio de Janeiro. Parshall et al. (2010)
focus on transportation, industrial, residential, commercial, and
electric power sources for US cities.
Another aspect of ‘‘what to measure’’ spotlights distinctions in
responsibility for emissions. Many emissions inventories focus on
emissions from activities located within the spatially deﬁned study
area, known as ‘‘direct’’ emissions (Dodman, 2009; Gurney et al.,
2009). Alternatively, measurements may also include activities
and resulting emissions located outside the local jurisdiction, but
closely related to economic activities that are conducted within the
jurisdiction, known variously as ‘‘indirect’’ or ‘‘deemed’’ emissions
(Lebel et al., 2007). For instance, power production and waste
disposal may be conducted outside of cities but relate to the energy
and waste disposal needs of urban residents and businesses.
The World Resources Institute together with the World
Business Council for Sustainable Development (WRI/WBCSD) have
prepared a reporting protocol for corporations (WBCSD and WRI,
2004), which is used by researchers examining urban GHG
emissions (Kennedy et al., 2009a). The protocol distinguishes
between three scopes of emissions. Scope 1 emissions are those
from sources under the direct control of the organization, such as
ﬁnances, factories or vehicles. In the urban context, Scope 1
emissions are typically produced within the geographical bound-
ary of the city. Scope 2 emissions are from energy consumed by the
organization, where the emissions are produced elsewhere. In
the urban context, Scope 2 emissions include releases outside the
geographical boundary of the city that relate to energy consump-
tion within the city, including electricity and district heat. Scope 3
emissions, also called upstream or embodied emissions, are
associated with extraction, production and transportation of
products or services used in urban activities. These emissions
include those from waste, aviation and marine transport, and
embodied in fuel, food, building material, and water.
The notions of Scopes 2 & 3 suggest that emission estimates
should be consumption based. That is, researchers argue that
reliable carbon ‘footprints’ not only identify where GHG emissions
are produced, but where goods and services that create the
emissions are consumed (Bader and Bleischwitz, 2009; Dhakal,
2010). In response to these concerns, researchers argue that urban
GHG inventories should, at least, include emissions from thermal
power plants located outside urban areas (Kennedy et al., 2009b),
which would translate into a Scope 2 analysis. Scope 3 analysis
would additionally require researchers to not only include the
upstream emissions embodied in goods and services imported and
consumed within the city, but also to subtract those emissions of
exported goods and services consumed elsewhere, to balance the
net-effect of trade and avoid double counting of emissions.
Methodologies for such analysis include material ﬂow analysis,
life cycle analysis, and extended input–output analysis.
Sub-national Scope 3 analyses have been performed at the
household level in Asia for India and China (Pachauri, 2004;
Pachauri and Jiang, 2008). Other Scope 3 studies have been
effective in spatializing the location of the environmental impact
(i.e., locating the source of the CO2 emissions associated with
household consumption outside of the urban area) (Lenzen and
Peters, 2009). Most studies do not include Scope 3 emissions, and if
they do, it is on an ad hoc basis. Examples include calculating the
embodied energy and related carbon emissions in trade associated
with Singapore’s growth (Schulz, 2010), the embodied energy in
residential buildings, infrastructure and vehicles in Adelaide,
Australia (Troy et al., 2003), and the GHG emissions associated
with food consumption in Delhi and Calcutta (Sharma et al., 2002).
Hillman and Ramaswami (2010) have developed a ‘‘hybrid life
cycle-based transboundary greenhouse gas emission footprint,’’
which identiﬁes several key Scope 3 items (embodied energy for
food, water, energy and shelter). Their study of eight US cities
suggests that including these items increases GHG emissions from
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urban areas by 47% on average over techniques that only examine
GHG emissions from within the urban boundaries. Whether this
type of research is replicable in other places remains an open
question.
2.1.3. How is it measured?
GHG emissions can be measured in a variety of ways that vary
by the gas quantiﬁed (WRI, 2002). The most accurate measure-
ments are sensed or measured directly, but the most common
approaches use estimates based upon emission factors (WRI,
2002), as in national scale studies by the IPCC, International Energy
Agency, or U.S. Energy Information Administration. Within studies
using estimates, two general approaches have been developed
(Bader and Bleischwitz, 2009). The ﬁrst is the bottom-up approach,
which begins with local information about the study area
boundary and relevant activities. The bottom-up approach is
often relatively comprehensive in the number of included
activities, and accurate in its measurement. Such comprehensive-
ness and accuracy requires extensive data, processing time, and
expertise, which can be challenging for small or resource-
constrained local governments and researchers. Various tools
have been developed to assist cities in conducting bottom-up
emissions measurements (see for example, ICLEI, 2009).
An alternative measurement approach is to construct local
emissions proﬁles from national-, regional- or global-level emis-
sions measurements, using a consistent methodology. This top-
down approach can range from simple to more complex, ‘‘hybrid’’
methodologies. For instance, a simple top-down analysis could
estimate local emissions using only the number of people living or
working in the local area and the average GHG emissions per person
according to national statistics. Such simple approaches can be
misleading where cities have emissions source activities that vary
substantially in intensity from national averages. In addition, simple
approaches do not provide insight when comparing across cities, as
any apparent variation reﬂects only the scale of the cities rather than
any meaningful differences in the actual location or source activities
of emissions.
For this reason, most top-down urban emissions inventories
are tailored to local circumstances and data availability, even if
relying heavily on national, regional or global statistics. For
instance, local emissions from electricity production could be
estimated by multiplying the amount of electricity produced
locally in megawatt-hours (using production data from the power
plant) by the regional or national average GHG emissions
released per unit of electricity. Similar estimates could be made
for other activities, where outcome estimates and relevant
‘‘multipliers’’ are available. Transportation emissions could be
estimated using fuel sales, which assumes fuel consumption
occurred within the urban area and not outside. Alternative
approaches to transport emissions could be based on the
registered vehicle population of the urban area (assuming they
would be mainly used in this urban area) or on monitored
transport activity (which could include emissions from transit
vehicles). Allocating responsibility for the sale, consumption and
emissions of bunker fuel for national and international ﬂights and
shipping is a challenge, with alternative solutions depending on
the scope of analysis.
Researchers use top-down approaches to urban GHG emissions
for speciﬁc source estimates within larger urban GHG emissions
analyses, such as for transportation, as mentioned above.
Comprehensive top-down approaches have also been attempted
using global databases (Raupach et al., 2010). In this last case, fossil
fuel CO2 emissions across nine regions correlate with nighttime
illumination detected by satellite. A review of the urban carbon
cycle argues that top-down approaches have been under-utilized
(Pataki et al., 2006).
2.2. Inﬂuences on urban GHG emissions
While urban areas are major contributors to climate change,
there is a large variation in GHG emissions among cities. Some of
the variation is due to urban factors or those related directly to the
urban area (population size, density and growth rate). Several
studies emphasize various features of cities and their impact on
energy consumption and GHG emissions (Sadownik and Jaccard,
2001; Lefevre, 2009; Permana et al., 2008; Li, 2011; Lebel et al.,
2007).
The literature is divided over the role of population as a
determinant of environmental impact, in part because the effects
of population size are difﬁcult to disentangle from those of
afﬂuence and technology (Holdren and Ehrlich, 1974; York et al.,
2003). Most studies of urban GHG emissions examine and compare
per capita emissions. Some, however, argue that globally, cities
share diverse properties as power law functions of population size
with scaling exponents, which fall into distinct universal classes
(Bettencourt et al., 2007). Although GHG emissions should increase
with population size, all else equal, population is not expected to
account for all variation.
Urban density is arguably an important indicator of energy use
through transportation related fuel consumption and therefore
GHG emissions. There is a common understanding that the lowest
density urban areas use more transportation related energy per
capita than the higher density cities (Newman and Kenworthy,
1999; Weisz and Steinberger, 2010) and urban GHG studies verify
this relationship (see for example, Parshall et al., 2010; Kennedy
et al., 2009b). Australian studies also identify the differential
dependence on the private automobile among cities of varying
densities with the highly suburbanized urban areas having the
highest dependence and therefore highest transportation energy
consumption (Lenzen et al., 2008).
GHG emissions per capita should also decrease with urban
density for several reasons. First, density provides opportunities
for lower-emission lifestyles (especially in residential and
transportation sectors). Second, in the developed world, highly
polluting industrial activity has historically relocated to lower-
density areas and the economic viability of district heating systems
rises with increases in density. On the other hand, in lower income
cities, high density may also indicate the presence of urban slums,
which typically produce low GHG emissions per capita (Gonzales,
2005; Sassen, 2006).
Alternatively, in some circumstances density can also affect the
delivery of higher density fuel access and electricity use and hence
increase GHG emissions. For example, in a study of households in
China and India, researchers ﬁnd that urban households have
greater access to electricity grids and modern fuels, appliances and
equipment and therefore the energy use patterns differ among
rural and urban households with urban households averaging
higher percentages of coal, LPG and electricity usage (Pachauri and
Jiang, 2008).
Urban growth rate can inﬂuence GHG emissions. Faster
growing cities increase their energy consumption rates faster
than slower growing cities and hence have may have higher per
capita emissions. The relationship, like that with density, is
complicated by several factors. First is the size of the cities. Larger
cities may grow more slowly in percentage terms than small cities,
but even slow growth in large cities may add many people and
associated emissions. As such, we might expect trends from large
cities with high GHG emissions to overpower smaller but faster
growing cities. Alternatively, the fastest growing cities may
develop extensive urban slums, which appear to have lower
energy demands than other forms of urban development,
suggesting lower emissions from fast growing cities (Jorgenson
et al., 2010).
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There are a number of factors that can inﬂuence the emissions
patterns from cities, but are not strictly dependent on urbaniza-
tion. Perhaps the most important among socio-economic factors is
wealth. Many argue that higher income cities typically have larger
global environmental impact than cities of lower income
(McGranahan et al., 2005) but the degree to which this is reﬂected
in emission inventories is likely to be dependent on the scope of
analysis (production versus consumption focus). Research results
verify the positive relationship between GHG emissions and
wealth across a number of cities globally (Kennedy et al., 2009b).
Moreover, at the household energy consumption in India and
China is higher than lower income households (Pachauri, 2004;
Pachauri and Jiang, 2008).
The relationship between wealth and GHG emissions, however,
may be more complex than a monotonic rise in GHG emissions
with increasing wealth. Analysts studying East Asia ﬁnd that
selected cities in lower income countries, Shanghai in China for
example, have higher GHG emissions per capita than cities in high
income countries, Tokyo in Japan for example (Dhakal and Imura,
2004). Others identify an inverted-U shaped function that deﬁnes
this relationship, meaning that emissions increase over a range and
then decrease after reaching a threshold (Marcotullio et al., 2011).
The urban environmental transition literature posits there may be
non-linearities in the income–environment relationship for
community-scale outcomes, such as urban air pollution (McGra-
nahan, 2007), which are highly correlated with the urban-scale
GHG releases we examine here. In addition, a recent study
empirically conﬁrms non-linearities with wealth for conventional
urban air pollutants levels (Sarzynski, 2012).
Biophysically, elevation may also be a factor in urban GHG
emissions. Cities at higher elevation may require more heating
than those at lower elevation and therefore use more energy and
emit more GHGs, all else equal.
3. Research design
In this section we describe the methods used to quantify GHG
releases within Asian urban areas focusing on by how we deﬁne
urban, what we include in the measurement of GHG emissions, and
how the top-down approach was implemented. We also describe
the multiple regression model and variables used to examine
covariates of GHG releases.
3.1. Quantifying urban GHG releases
This analysis employs multiple global spatially disaggregated
(high resolution) datasets to quantify the GHG releases from urban
areas worldwide and within Asia. The data we use to establish the
urban GHG inventories is presented in Table 2. We aggregate all
spatial data to individual urban areas within our sample, as
described below.
3.1.1. What is urban?
This study uses the Global Rural-Urban Mapping Project
(GRUMP) data to identify urban areas worldwide and within Asia
(Fig. 1). GRUMP compiles a global database of cities and towns of
1000 persons or more, where each settlement is spatially
represented as a point and has associated tabular information
on its population and data sources. GRUMP derives the geographic
boundaries of settlements largely from NOAA’s Night-time lights
dataset (Elvidge et al., 1997). GRUMP also includes gridded global
population datasets for 1990 and 2000 at 30 arc-seconds
resolution.
We extract population counts for the urban areas from the
GRUMP grids for 1990 and 2000. For this study, we retain urban
areas with more than 50,000 residents in 2000, which corresponds
to 3619 urban areas within our deﬁnition of Asia. From the
population counts, we calculate the annual average population
growth rate from 1990 to 2000 (for discussion see, Balk et al.,
2008). We also use global land cover data provided by the GLC2000
project to identify habitable land within urban areas, in order to
calculate population densities. Here we deﬁne habitable land as
including all land cover classes excepting water and ice.
GRUMP is not the only database available for use in spatial
analysis of global urban land uses. A recent study compared ten
global urban and urban-related mapping efforts (Schneider et al.,
2009). That study demonstrates that different mapping techniques
result in considerably different total global land area estimates.
Schneider et al. (2009) suggest that the method applied in GRUMP
results in the largest area classiﬁed as urban at the global scale
(over 3.5 million km2). In contrast, the MODIS urban land cover
mapping effort ﬁnds urban areas covering 20% of that area
(657,000 km2). We choose GRUMP because it has been used and
validated by the Millennium Ecosystem Assessment (McGranahan
et al., 2005), because the GRUMP boundaries are consistent with
urban areas in several developed countries including the United
States, and because the large areas deﬁned by GRUMP are more
closely aligned to what urbanists call ‘‘urban ﬁelds’’ (Friedmann,
1973) or ‘‘functional urban economic areas’’ (Fox and Kumar,
1965). These areas bound a geographic space where, arguably, a
large percentage of urban activities occur.
3.1.2. What is measured?
For GHG emissions, we use the Emissions Database for Global
Atmospheric Research (EDGAR) (European Commission, Joint
Research Centre (JRC)/Netherlands Environmental Assessment
Table 2
Description of datasets used in top-down study for generation of urban GHG emissions.
Dataset name Source Description Notes
Emission Dataset for Global
Atmospheric Research (EDGAR)
version 4 (2009)
European Commission Joint
Research Center (JRC), Ispra, Italy
GHG emissions for
CO2, CH4, N2O, SF6
are available by sector
for 1970–2008
We use 2000 estimates with
spatial allocation of 1/108
Global Rural-Urban Mapping
Project (GRUMP) v. beta (2009)
Columbia University, Center
for International Earth Science
Information Network, New York,
USA (CIESEN)
Population distribution,
density and urban extents
with names are available
for 1990–2000
30 arc seconds cell resolution
Global Land Cover 2000
Dataset (GLC2000)
European Commission Joint
Research Center (JRC), Ispra,
Italy
Approximately 23 categories
of land use
1 km at Equator (0.0089285714dd)
Power plant location Carbon Monitoring for Action
(CARMA)
Location and emissions of
over 50,000 power plants
and 4000 power companies
Points based upon latitude and
longitude coordinates
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Agency (PBL), version 4, 2009). EDGAR data include GHG emissions
from a variety of sources at the aggregate level of 0.18 spatial
resolution. For our analyses we use emissions in metric tons for
the year 2000 for the following four greenhouse gases: carbon
dioxide (CO2), methane (CH4), nitrous oxide (N2O) and sulfur
hexaﬂuoride (SF6). These four GHGs are aggregated from 50
original anthropogenic sources to 14 inﬂuences including agricul-
tural soils, agricultural wastes, aviation, energy production, fossil
fuel ﬁres, fugitives emissions from solids, industry, livestock,
navigation, non-road transport, oil and gas production, residential,
road transport and waste. We further aggregate these 14 sources
into six categories: agriculture, energy (electricity and heating),
industrial processes and product use, residential, transportation,
and waste.
We argue that the EDGAR data, supplemented by other
information, allows for analysis of urban emissions from Scopes
1 and 2, and partially of Scope 3, in accordance with the WRI/
WBCSD accounting protocol described above. The GRUMP urban
boundaries are more inclusive of suburban and peri-urban
activities than politically derived boundaries, and thus already
include emissions from outside the immediate urban jurisdiction
as desired for a Scope 2 analysis, such as from transportation and
waste disposal.
Furthermore, we supplement the EDGAR energy-related
emissions with the Carbon Monitoring for Action (CARMA)
database, which contains information on the carbon dioxide
emissions of over 54,000 power plants and 4000 power
companies worldwide (see http://carma.org/). The CARMA
database includes 13,863 power plants in Asia, emitting over
2.9 billion metric tons of CO2 in 2000, of which 50% (7051 plants)
are located within the GRUMP urban boundaries. We presume
that much of the energy produced by plants outside cities is for
use by urban residents, and thus our approach of assigning
emissions to the location where they are produced under-
estimates energy emissions from urban areas. As a supplement,
we aggregate the total emissions from the CARMA power plants
at a national level, and proportionately allocate the emissions to
urban areas according to their share of urban land area within
the country. This method over-estimates the amount of energy-
related emissions used by cities, providing an upper-bound
estimate for urban energy-related emissions, in accordance with
a Scope 2 analysis.
Finally, we include EDGAR-estimated aviation emissions from
both domestic and international travel (mostly take-offs and
landings), which provides one component of a Scope 3 analysis.
3.1.3. How is it measured?
EDGAR provides details of how they developed and allocated
each of the GHG gases spatially on their website. Essentially,
EDGAR distributes national level GHG emissions within a country
based upon a number of factors, including population, population
density, infrastructure networks, land use, energy and industrial
production sites, etc. Given the variety of sources and quality of
information, data inaccuracies and uncertainty are introduced (see
below).
3.2. Examining covariates of urban GHG releases
Our approach facilitates both an accounting of global urban
GHG releases and the exploration of covariates of urban GHG
emissions. We use multiple linear regression analysis to examine
the relative inﬂuence of population size, income, density, growth
rate, and elevation on urban GHG emissions in Asia. The model
speciﬁcation draws from previous literature on the drivers of
environmental degradation, and speciﬁcally on the empirical
model developed by Sarzynski (2012) to investigate urban air
pollution from a global set of cities. This analysis is exploratory in
nature and aims to highlight covariates rather than causes of urban
GHG releases.
The basic model form used here is:
lnðEÞ ¼ a þ b1½lnðPÞ þ b2½lnðAÞ þ b3½lnðDÞ þ b4½R þ b5½lnðCÞ
þ dc þ e (1)
where E represents urban-scale GHG emissions; P is urban
population; A is income; D is population density; R is recent
population growth rate; and C is elevation. Country-speciﬁc ﬁxed
effects (via indicator variables, dc) are included to capture
unobserved country-level variation, such as from industrial
policies, sociocultural differences, or environmental sensibilities.
Data for the model covariates were obtained from several
additional sources. Income data are from the International
Institute for Applied Systems Analysis (IIASA) downscaled spatial
socio-economic dataset. We use the gross domestic product (GDP)
Fig. 1. Sample of urban extents in Asia.
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at market exchange rate (MER) per cell for the year 2000 in
US$1990 and use GRUMP grid population to calculate per capita
ﬁgures. For the economic data, we extract the income for each
urban extent from the IIASA B1 scenario, which we interpret as the
middle level economic future compared to the A2R and B2
scenarios.
The model includes a variable for mean elevation of the urban
extent, obtained from the Climatic Research Unit (CRU) at
University of East Anglia. Elevation data are at 1 km isotherms
and points are within 10 minutes cells. We calculate the mean
elevation for each urban extent by averaging the values for all
points within the area.
A separate explanatory variable is used for population size,
rather than using emissions per capita as our dependent variable,
so that we can test explicitly for population scaling effects
(Bettencourt et al., 2007). The regression model is also run with
mean-centered quadratic and cubic terms for income as in Eq. (2),
in order to examine possible income scaling effects on GHG
emissions across urban areas.
lnðEÞ ¼ a þ b1½lnðPÞ þ b2½lnðAÞ þ b3½lnðAÞ2 þ b4½lnðAÞ3
þ b5½lnðDÞ þ b6½R þ b7½lnðCÞ þ dc þ e (2)
Multiple regression analysis is used here to examine relation-
ships between emissions and several inter-related factors,
including population, income, and density. Bivariate correlations
among model variables are modest in Asian cities (r < 0.3; see
Table 3), and diagnostic tests such as the variance inﬂation factor
do not reveal worrisome levels of multicollinearity.
Finally, we estimate the models separately for sub-samples of
Asian cities according to the three development categories used by
the United Nations Statistics Division: developed nations (Japan);
developing nations (e.g., China, India); least-developed nations
(e.g., Afghanistan, Bangladesh). We understand there is consider-
able variability of urban development status within some
countries. We note that development status is already controlled
for in the regression model to some degree by the income variables
as well as by the country-level indicator variables.
3.3. Qualiﬁcations to this approach
As mentioned, the methods for EDGAR estimations of GHG
emissions are complex but not entirely documented. There are
several important concerns with using EDGAR data for the study of
urban GHG emissions.
First, some of the information we use to construct the dependent
variable (GHG emissions) is also included in the model to
understand variation. In particular we note that EDGAR uses
population and population density (from GPWv3) to spatially
allocate emissions for some sectors where more detailed informa-
tion is not available (i.e., residential and waste). Incorporating
population as a condition for allocating emissions inherently
implicates population as an important explanatory variable.
Second, EDGAR does not account for afﬂuence when using
population or density to spatially allocate emissions. Therefore,
EDGAR may systematically underestimate emissions in high-
density areas where urbanites have higher incomes and use more
energy than their rural counterparts (Pachauri and Jiang, 2008).
Nevertheless, the presence of high-density slums in other urban
areas of the region, where residents use considerably less energy
than their rural counterparts, may counter this effect.
Third, EDGAR uses country speciﬁc emission factors when
estimating emissions for each sector and for each technology.
While the addition of emission factors for different technologies
provides more detailed information than using average sector
emissions factors, most urban GHG researchers agree that local
emissions factors would be more accurate than national level
factors.
Fourth, uncertainty estimates for some compounds in EDGAR
could be large. Uncertainty estimates for GHG emissions based
upon the EDGAR Version 4.0 are not available. EDGAR uncertainty
estimates for Version 2.0, based upon expert judgment ranges,
suggest uncertainties vary by source but for total emissions
uncertainties for CO2 are small (10% or less), for CH4 are medium
(10–50%), and for N2O are large (50–100%) (see http://themasi-
tes.pbl.nl/en/themasites/edgar/documentation/uncertainties/
index.html).
Research ﬁndings differ from EDGAR estimates for some
compounds. For example, Kim et al. (2010) ﬁnds good agreement
between their extrapolations from China and EDGAR emissions for
HFC-23, but ﬁnds higher emissions levels for HFC-134a, HFC-152a,
HFC-32, HFC-125 and SF6 than reported by EDGAR. At the same
time, the Chinese HFC-23 emissions map for EDGAR is smooth and
follows population distribution, a result considered unlikely (Stohl
et al., 2010). Muhle et al. (2010) ﬁnds that EDGAR emissions levels
for C2F6 are in general agreement with their model, but EDGAR CF4
and C3F8 levels are signiﬁcantly lower than their estimates,
particularly after 1991. Comparison of recent observation-inferred
studies and modeling exercises suggest general agreement with
EDGAR up until the mid-1990s. After that, estimated uncertainty
levels for SF6 EDGAR data increased from 10% prior to 1995 to over
15% in 2005, and to 20% by 2008 (Rigby et al., 2010).
Table 3
Bivariate correlations among model variables for Asian urban areas.
Emissions Population Per capita GDP Density Growth rate
Population 0.7920
Per capita GDP 0.3381 0.0897
Density 0.0688 0.2261 0.2999
Growth rate 0.2189 0.1287 0.2685 0.2247
Elevation 0.1919 0.2054 0.0034 0.2981 0.0353
N = 3535 urban areas.
Table 4
GHG emission for Asia and for Asian urban extents, by sector, 2000.
Sector Asian total GHG emissions Asian urban extent GHG emissions Urban share of total (%)
(metric tonnes) (percent) (metric tonnes) (percent)
Agriculture 2,459,848,103 17.49 141,868,869 3.33 5.77
Energy 6,743,308,672 47.94 2,633,060,674 61.76 39.05
(with CARMA adj.) 3,650,921,865 69.13 54.14
Industry 1,564,067,377 11.12 488,639,322 11.46 31.24
Transportation 1,238,171,101 8.80 429,187,826 10.07 34.66
Residential 1,293,414,194 9.20 319,240,365 7.49 24.68
Waste 766,404,138 5.45 251,708,974 5.90 32.84
Total 14,065,213,584 100.00 4,263,706,030 100.00 30.31
(with CARMA adj.) 5,281,567,221 37.55
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Table 5
Urban share (%) of total CO2 equivalents released, by sub-region and sector, 2000.
Eastern Asia Southern Asia Southeast Asia Central Asia Western Asia All Asia
Agriculture 7.51 4.93 3.78 4.73 5.24 5.77
Energy 39.73 39.64 34.11 32.18 40.22 39.05
(with CARMA adj.) 54.24 55.42 51.99 43.29 56.92 54.14
Industry 32.75 25.18 28.48 20.82 24.27 31.24
Residential 31.51 12.80 17.23 23.98 18.82 24.68
Transportation 44.53 20.95 36.49 28.62 17.84 34.66
Waste 39.49 22.73 28.57 30.58 25.47 32.84
Total 34.28 23.16 22.96 26.73 31.43 30.31
(with CARMA adj.) 41.55 29.52 29.32 33.23 41.71 37.55
These ﬁgures represent approximately 91.9% of the total urban population in the region.
Table 6
GHG emissions per capita by nation of urban extent.
Country location of
urban extent
National CO2
equiv. per capita
(tons/capita)
Urban CO2 equiv.
per capita
(tons/capita)
Percent difference,
Urban  National
CO2 equiv. per
capita
Urban CO2 equiv.
per capita (with adj.)
(tons/capita)
Percent difference,
Urban  National CO2
equiv. (with adj.)
per capita
Eastern Asia 5.40 4.14 76.6 5.02 92.9
China 4.34 2.66 61.2 3.54 81.5
Hong Kong 8.20 5.15 62.8 5.15 62.8
Japan 11.4 8.87 77.8 9.83 86.2
Korea 14.57 8.69 59.6 9.76 67.0
Dem. People’s Rep. of Korea 4.73 1.58 33.4 2.96 62.6
Macao 1.27 1.27 100.0 1.27 100.0
Mongolia 11.06 8.90 80.5 9.41 85.1
Taiwan 11.03 8.92 80.8 9.03 81.9
Southern Asia 2.06 2.01 97.4 2.56 124.2
Afghanistan 0.73 0.13 18.1 0.15 20.3
Bangladesh 1.16 0.71 60.9 0.85 73.2
India 1.91 1.73 90.4 2.42 126.9
Iran 7.62 5.74 75.4 6.18 81.1
Nepal 1.19 0.51 43.1 0.53 44.3
Pakistan 1.88 1.33 70.7 1.51 80.5
Sri Lanka 1.01 0.71 70.6 0.73 72.4
Southeast Asia 2.69 1.78 66.3 2.28 84.7
Brunei Darussalam 27.14 15.84 58.4 20.52 75.6
Cambodia 1.61 0.23 14.1 0.24 15.1
East Timor 0.89 0.10 11.4 0.15 16.8
Indonesia 2.52 1.77 70.3 2.03 80.7
Lao People’s Democratic Republic 2.57 0.24 9.2 0.31 11.9
Malaysia 6.81 5.63 82.7 6.52 95.8
Myanmar 1.80 0.37 20.3 0.44 24.3
Philippines 1.71 1.30 76.0 1.53 89.4
Singapore 7.70 7.70 99.9 7.70 99.9
Thailand 4.27 3.93 91.9 6.75 158.2
Viet Nam 1.92 0.81 42.1 1.25 65.1
Central Asia 8.49 5.63 66.4 7.00 82.5
Kazakhstan 15.51 7.06 45.5 10.94 70.6
Kyrgyz Republic 2.45 1.61 65.7 1.61 65.7
Tajikistan 1.67 1.03 61.7 1.03 61.7
Turkmenistan 11.89 6.57 55.2 6.77 56.9
Uzbekistan 6.40 6.31 98.7 7.05 110.2
Western Asia 6.55 4.04 61.8 5.37 82.0
Armenia 2.70 1.87 69.3 1.87 69.3
Azerbaijan 9.89 6.55 66.2 7.25 73.3
Bahrain 26.45 19.36 73.2 21.10 79.8
Cyprus 9.64 7.73 80.2 8.14 84.4
Georgia 2.52 0.90 35.6 0.93 36.8
Iraq 4.45 1.99 44.7 2.46 55.2
Israel 9.46 8.67 91.6 11.26 119.0
Jordan 3.71 3.35 90.2 3.71 100.0
Kuwait 28.70 25.78 89.8 28.76 100.2
Lebanon 4.96 4.34 87.4 5.39 108.6
Oman 15.02 3.75 24.9 5.62 37.4
Qatar 46.56 38.23 82.1 42.61 91.5
Saudi Arabia 13.52 6.42 47.5 8.11 60.0
Syrian Arab Republic 3.69 2.44 66.2 3.29 89.2
Turkey 4.74 1.26 26.7 2.83 59.6
United Arab Emirates 32.23 15.09 46.8 18.00 55.9
Yemen 1.25 0.62 49.3 1.01 80.9
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4. Findings
4.1. Total and per capita GHG emissions for Asian urban extents
According to the EDGAR database, Asian urban GHG emissions
amount to approximately 4.26 billion metric tons of CO2e in 2000
(Table 4). The largest share of Asian urban emissions are for energy
production (61.8%), followed by industry (11.5%), and transporta-
tion (10.1%). Agriculture, as expected, accounts for only 3.3% of the
Asian urban emissions. With the addition of emissions from all
thermal power plants outside urban extents, Asian urban
emissions rise to 5.28 billion metric tons and the urban energy
share of total urban emissions increases to 69.1%.
Urban areas account for approximately 30.3% of all GHG
releases from Asia in 2000. Urban areas account for higher shares of
the region’s emissions for energy production (39.27%) and
transportation (34.89%). With the addition of thermal power plant
emissions, Asian urban emissions rise to 37.6% of the region’s GHG
emissions, and the urban share of the region’s energy emissions
increases to 54.1%.
Urban GHG emissions are not spread evenly across the region in
2000 (Table 5). Eastern Asia (China, Hong Kong, Japan, North Korea,
South Korea, Macau, Mongolia and Taiwan), Central Asia (Kazakh-
stan, Kyrgyz Republic, Tajikistan, Turkmenistan and Uzbekistan),
and Western Asia (Armenia, Azerbaijan, Bahrain, Cyprus, Georgia,
Iraq, Israel, Jordon, Kuwait, Lebanon, Occupied Palestinian
Territories, Oman, Qatar, Saudi Arabia, Syrian Arab Republic,
Turkey, United Arab Emirates and Yemen) have higher shares of
their emissions from urban areas (34.3, 31.4 and 31.4%, respec-
tively), while Southern Asia (Afghanistan, Bangladesh, Bhutan,
India, Iran, Nepal, Pakistan and Sri Lanka) and Southeastern Asia
(Brunei Darussalam, Cambodia, East Timor, Indonesia, Lao PDR,
Malaysia, Myanmar, Philippines, Singapore, Thailand and Viet
Nam) have lower shares of their emissions from urban areas (23.2
and 23.0%, respectively). In Southeastern Asia, more than half of
the GHG emissions are from thermal power plants located outside
of urban areas, whereas for Asia as a whole the share is 38.7%.
Our analysis suggests that GHG emissions per capita from urban
areas in 2000 are lower than national averages (Table 6). The
highest differences in per capita releases between national and
individual urban ﬁgures are for oil-producing countries (United
Arab Emirates, Oman, Qatar, Brunei Darussalam, Saudi Arabia,
Bahrain and Kazakhstan). With the addition of thermal power
plant adjustments, the average urban GHG emissions per capita
ﬁgures exceed the national averages in India, Thailand, Uzbekistan,
Israel, Kuwait and Lebanon.
4.2. The top GHG emitting and top per capita GHG emitting urban
extents
The largest GHG emitting urban areas in Asia in 2000 include
several of the most populated cities in the region, such as Tokyo,
Table 7
Top 10 urban GHG emitters in Asia.
Urban extent Country Total CO2 equivalent
emissions
Tokyo Japan 644,083,925
Seoul South Korea 171,907,314
Taipei Taiwan 165,530,174
Shanghai China 133,498,872
Esfahan Iran 91,819,416
Shenzhen China 64,274,705
Tehran Iran 63,470,204
Ulsan South Korea 50,566,125
Salmiya Kuwait 47,657,542
Jakarta Indonesia 44,869,024
Fig. 2. Location of top 10 Asian urban emitters.
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Seoul, Taipei, and Shanghai (Table 7 and Fig. 2). Some of the less
populated urban areas also rank high on the list due to the nearby
concentration of energy, industry and fossil fuel activity, such as
Ulsan, South Korea and Salmiya, Kuwait.
The cities with the highest per capita GHG emissions had
populations under 250,000 and some have populations under
100,000 in 2000 (Maizuru, Mettur and Tsuyama) (Table 8 and Fig. 3).
These urban areas are important manufacturing and energy
production locations or located close by these activities. For
example, Anugul is home to vast coal mines and several large
industrial ﬁrms. Industrial development has been slow in Bankura,
India but the area is squeezed in between the Durgapur–Asansole
industrial belt and the industrial areas outside Kolkata. Denau,
Uzbekistan is the capital of Surxondaryo province and has abundant
petroleum, natural gas and coal resources as well as light industry.
Odate, Japan is a small city with copper, lead and zinc mines along
the upper Yoneshiro River. Odate is also close to the coal-ﬁred
Noshiro power plant that provides over 6,872,000 MWh of energy
to the region. Tsuyama, Japan is close to the Mizushima
(2,181,000 MWh) and Tamashim (1,856,000 MWh) power plants.
Fengzhen, China is a small town northwest of Beijing, close to the
Tuoketuo-1 power plant producing 23,300,000 MWh of energy.
4.3. Multiple regression results
Table 9 presents the regression results for 3535 urban areas in
Asia with complete information for all model variables. We use
EDGAR results without CARMA adjustments to simplify the analysis,
although note that the qualitative results are quite similar.
As expected, we ﬁnd that population size is most closely
associated with GHG emissions in Asian urban extents in the year
2000. Cities with larger populations have larger emissions than cities
with smaller populations, holding all other variables constant.
Moreover, the regression coefﬁcient suggests that emissions could
Table 8
Top GHG urban emitters per capita in Asia.
Urban
extent
Country Per capita
CO2 equiv.
emissions
Per capita
CO2 equiv.
emissions
(with adj.)
Anugul India 122.43 123.41
Odate Japan 93.93 96.77
Tsuyama Japan 84.55 117.21
Fengzhen China 75.77 78.32
Jixian China 65.15 68.00
Denau Uzbekistan 61.28 66.92
Bankura India 56.75 56.96
Mettur India 55.62 59.41
Maizuru Japan 53.46 83.96
Karimnagar India 53.33 53.88
Table 9
Multiple regression results for all Asian urban extents, 2000.
Variable Eq. (1): Total
GHG emissionsa
Eq. (2): Total
GHG emissionsa
Populationa 1.461*** 1.442***
Incomea 1.310*** 1.995***
Income (quadratic)a 1.718***
Income (cubic)a 0.344***
Densitya 0.596*** 0.512***
Growth rate 6.652*** 3.880**
Elevationa 0.290*** 0.166**
Constant 1.446*** 1.838***
Indicator variables Yes (48 categories) Yes (48 categories)
Observations 3535 3535
Model ﬁt F(5,3482) = 1816.09*** F(7,3480) = 1351.64***
Adj-R2 0.7872 0.8061
Notes: Estimated with ordinary least squares and robust standard errors.
a Natural log transformed.
Signiﬁcance levels: *p < 0.1; **p < 0.05; ***p < 0.01.
Fig. 3. Location of top 10 Asian urban emitters per capita.
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increase by 1.4% for every 1% increase in population size, indicating a
more than proportional population scaling effect on emissions. The
scaling effect may result because larger cities engaging in more
complex activities have more extensive energy demands (see for
example, Tainter, 1988), creating more extensive waste products in
the form of GHG emissions. The scaling effect may also be quite
pronounced here because the sample includes the nearly 76 million
resident bullet-train corridor of Tokyo–Nagoya–Kyoto–Osaka in
Japan, which has by far the largest population and emissions
footprint of urban areas in the region.
The results in Table 9 also suggest the presence of non-linear
income scaling effects, as hypothesized by the urban environmen-
tal transitions framework. The income coefﬁcients for Eq. (2)
indicate an increase in emissions with per capita income at the low
end of the development spectrum, followed by a decline in
emissions with per capita income at the middle range of the
development spectrum. The signiﬁcant and positive coefﬁcient for
the cubic income term suggests that the relationship changes
direction again at the high end of the development spectrum. Such
results suggest a complex and non-linear income–environment
relationship for cities in Asia, as found also for urban air pollution
globally by Sarzynski (2012).
An examination of the bivariate relationship between per capita
income and the predicted values for GHG emissions revealed an
increasing and then decreasing relationship within the income
range found in the Asian sample (see Fig. 4). The apparent increase
at very high incomes as suggested by the cubic term of
the regression is outside the sample range of urban income levels
in Asia. In addition, the maximum value appears well to the right of
the bivariate plot, suggesting that economic development is
unlikely to result in decline in urban GHG emissions for the vast
majority of cities in the Asian region. For this reason, the remaining
regressions are reported only with the single income variable, as in
Eq. (1), which reduces the model ﬁt slightly but simpliﬁes the
interpretation of results. Thus, the results indicate that GHG
emissions would increase by 1.3% for every 1% increase in income
(as measured by GDP per capita), all else equal.
The regression results indicate that population density has an
inverse relationship with GHG emissions; denser cities have fewer
emissions, all else equal. The regression results also indicate that
recent population growth has an inverse relationship with GHG
emissions; faster growing cities (from 1990 to 2000) have fewer
emissions in 2000, all else equal. Finally, the results indicate that
cities located at higher elevations have fewer emissions than
lower-lying cities, all else equal.
The regression results largely hold for samples segmented by
development status (see Table 10). The majority of Asian urban
areas lie within countries designated as ‘‘developing’’ by the United
Fig. 4. Bivariate relationship between income and the predicted values of Asian GHG emissions, 2000. Note: the trendline represents a 3rd-order polynomial.
Table 10
Multiple regression results for Asian urban extents by development status, 2000.
Variable Developed: Total GHG emissionsa Developing: Total GHG emissionsa Least developed: Total GHG emissionsa
Populationa 1.157*** 1.459*** 1.367***
Incomea 0.173 1.782*** 1.977***
Densitya 0.356 0.567*** 0.690***
Growth rate 23.118 5.054** 29.634***
Elevationa 0.786 0.297** 0.681*
Constant 2.039*** 1.726*** 0.221
Indicator variables No (1 category) Yes (39 categories) Yes (8 categories)
Observations 46 3343 146
Model ﬁt F(5,40) = 63.35*** F(5,3299) = 1747.03*** F(5,133) = 167.30***
Adj-R2 0.7810 0.7780 0.8554
Notes: Estimated with ordinary least squares and robust standard errors.
a Natural log transformed.
Signiﬁcance levels: *p < 0.1; **p < 0.05; ***p < 0.01.
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Nations. Japan is the only developed country as designated by the
UN. Table 10 indicates that population size is the only variable to
explain GHG emissions across Japanese cities, although the
coefﬁcient size is smaller than in the full Asian sample suggesting
a more proportional scaling of population and emissions. The
developing sample (across 39 countries) exhibits a large popula-
tion scaling effect similar to the full sample, suggesting that GHG
emissions might increase by 1.4% for every 1% increase in
population, all else equal. The least developed sample (across 9
countries) results indicate that GHG emissions might increase by
1.1% for every 1% increase in population, all else equal. As with the
full sample, population size explains the majority of variation in
the three sub-samples. The results appear largely the same for the
subsamples and the full sample, for income, density, and
population growth.
Changes in GHG emissions with elevation provide interesting
results contrary to our initial expectations. The full sample results
suggest that urban GHG emissions decrease with elevation, all else
equal. The disaggregation of the sample by development status
suggests a shifting difference in the relationship. In the developed
world the relationship is not signiﬁcant. In the developing world,
urban GHG emissions fall with elevation and in the least developed
world, the relationship holds as expected.
The model also separately estimates GHG emissions by the six
emission source categories described above (see Tables 11 and 12).
The purpose here is to determine if the direction and strength of
relationship with the covariates show differential patterns by
emissions source category, such as if the results are different for
industrial as opposed to residential emissions. For the most part,
the relationships and their interpretations hold for each of the six
source categories.
As before, population exhibits the strongest effect on GHG
emissions of all of the model variables. Two related points stand
out, however. Population exhibits a positive relationship with
agricultural emissions, but the size of the effect is much smaller
than for the other source categories and for total emissions. This
result makes some sense; large urban areas are likely to have few, if
any, agricultural zones within their borders whereas smaller urban
areas may have more recently transitioned to urban uses and may
contain more residual agricultural production. Population growth
in large cities is unlikely to be associated with an increase in
agricultural production. Second, population exhibits a very strong
relationship with energy-related GHG emissions. The model
results suggest that energy-related emissions (such as from raw
material extraction, reﬁning, and electricity production) might
increase by nearly 1.9% for every 1% increase in population, all else
equal. Further examination of the GHG emissions by source
category illustrates that energy-related emissions account for one-
third of emissions from the majority of cities, and at least 50% of
emissions from one-quarter of cities in the Asian sample. Urban
extents with high shares of their emissions from energy also
have high total emissions. Thus, from a policy perspective, the
results suggest that efforts must be made to reduce the emissions
intensity of the energy sector (meaning, the GHG emissions
produced per unit of economic activity) if policymakers are to
achieve emissions reductions targets while accommodating future
population or income growth.
The regression results by source category also illustrate the
importance of income and development status. The size of the
income coefﬁcient is larger for residential and waste emissions
than for the other source categories, and substantially larger than
for agricultural emissions, for instance. The results suggest that
residential and waste emissions might increase by 1.6% for every
1% increase in income, all else equal, while agricultural emissions
might increase by only 0.9% for the same 1% increase in income.
The income effect is particularly pronounced for the subset of least
developed cities, suggesting that residential emissions might
increase by more than 4% for every 1% increase in income within
Table 11
Multiple regression results for Asian urban extents by emissions source category, 2000.
Variable Agricultural: GHG emissionsa Transportation: GHG emissionsa Energy: GHG emissionsa
Populationa 0.956*** 1.283*** 1.861***
Incomea 0.856*** 1.342*** 1.426***
Densitya 0.641*** 0.486*** 0.643***
Growth rate 2.224 7.186*** 6.555**
Elevationa 0.395*** 0.190*** 0.162
Constant 2.936*** 2.890*** 7.286***
Indicator variables Yes (48 categories) Yes (48 categories) Yes (48 categories)
Observations 3535 3535 3535
Model ﬁt F(5,3482) = 906.03*** F(5,3482) = 2809.93*** F(5,3482) = 1024.96***
Adj-R2 0.6617 0.8858 0.6876
Notes: Estimated with ordinary least squares and robust standard errors.
a Natural log transformed.
Signiﬁcance levels: *p < 0.1; **p < 0.05; ***p < 0.01.
Table 12
Multiple regression results for Asian urban extents by emissions source category, 2000.
Variable Industrial: GHG emissionsa Residential: GHG emissionsa Waste: GHG emissionsa
Populationa 1.395*** 1.199*** 1.410***
Incomea 1.490*** 1.611*** 1.567***
Densitya 0.494*** 0.423*** 0.406***
Growth rate 8.517*** 8.125*** 8.556**
Elevationa 0.437*** 0.389*** 0.247***
Constant 4.098*** 2.021*** 4.944***
Indicator variables Yes (48 categories) Yes (48 categories) Yes (48 categories)
Observations 3535 3535 3535
Model ﬁt F(5,3482) = 1543.93*** F(5,3482) = 2863.48*** F(5,3482) = 2410.99***
Adj-R2 0.8232 0.8479 0.8096
Notes: Estimated with ordinary least squares and robust standard errors.
a Natural log transformed.
Signiﬁcance levels: *p < 0.1; **p < 0.05; ***p < 0.01.
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these cities, all else equal. While the results suggest a potentially
rapid increase in emissions with income growth from the least
developed nations, the aggregate and per capita emissions from
these cities are small in comparison with the developing nation
cities and very small in comparison with developed nation cities.
For instance, GHG emissions are only 0.5 metric tons per person
within the least developed areas in Asia as compared with nearly
3.0 metric tons per person in the developing nations and 8.9 metric
tons per person in the cities of Japan, on average. Thus, while
emissions within the least developed areas may increase at a rapid
pace as they develop, the total increase in GHG emissions from
these areas is likely to remain small for quite some time.
Although the regression models explain nearly 80% of the
variation in emissions across Asian cities, they are likely to be
underspeciﬁed. For instance, the models do not fully account for
demographic characteristics of the local population, such as its age
or gender distribution, nor do they account for technological
differences. The static models do not account for the export
relationships and economic specializations that have emerged
between cities within the same region, as well as the world. The
models also do not account for localized policies or efforts to
restrain GHG emissions growth. At best, the country-level
indicator variables account for nationwide variation in policies
or environmental sensitivities. Nevertheless, the models function
credibly for identifying important covariates and suggesting areas
for further investigation.
5. Discussion and conclusions
We ﬁrst compare our ﬁndings with carbon accounting studies
on urban areas in Asia (Table 13). Previous studies demonstrate
disagreement as to the full carbon accounting for cities in the
region, as expected from studies using different methodologies. For
Indian cities different research projects suggest that Kolkata’s GHG
emissions are approximately 1.1 tons per capita (CO2 emissions
only), while those for Delhi are between 1.5 and 1.6 (CO2 only) and
2.07 (CO2, N2O and CH4) tons per capita. Our estimates for Kolkata
range from 1.63 to 1.64 tons per capita and are higher than other
studies, while our estimates for Delhi (1.5 tons per capita) are
similar to these studies. For other cities our results are between
previous GHG emission estimates. For example, estimates for
Beijing range from 1.2 to 10.1 tons per capita and those for
Singapore range from 2.7 to 11.3 tons per capita. Our results
suggest emissions at the rate of 3.85–4.53 tons per capita for
Beijing and 7.7 tons per capita for Singapore. Our estimates fall
within the ranges of estimates of other studies, except for one case;
Bangkok.
For Bangkok, our results are three times lower than other
estimates (3.73–3.83 tons per capita compared to 10.7 tons per
capita). We believe that this could be a result of our CARMA
allocation. From Table 6, one can see that there is a signiﬁcant
amount of GHG emissions from thermal power plants in Thailand
outside urban areas. When allocated to urban areas, urban GHG
emissions per capita rise from 8% below the national average to
58% above the national level. Because we allocated these emissions
proportionately by geographic size of the urban area, and because
of Bangkok’s economic importance for this country, our estimates
may be too low.
Our study conﬁrms the notion that urban areas account for a
smaller share of global GHG emissions than previously expected
(Dodman, 2009; Satterthwaite, 2008). Urban areas in Asia account
for a little more than half of the region’s GHG emissions after
attributing all thermal energy-related emissions from the region to
its cities. Moreover, our results comparing urban per capita
averages to national per capita averages are in general agreement
with the notion that cities have lower levels per capita emissions
than found at the national level. One exception in the literature to
this last result, however, was found in China where higher GHG per
Table 13
Comparison of results for urban carbon emission studies.
Urban area Study Study year Compound GHG emission per capita (tons/person)
Kolkata Mitra et al. (2003) 2000 CO2 1.1
Kolkata Kennedy et al. (2009b) 2000 CO2 1.1
Delhi Mitra et al. (2003) 2000 CO2 1.5
Delhi Sovacool and Brown (2010) 2005–08 CO2, CH2, N2O 0.7
Delhi Kennedy et al. (2009b) 2000 CO2 1.6
Delhi Gurjar et al. (2004) 2000 CO2, CH4, N2O 2.07
Bangkok Kennedy et al. (2009b) 2005 CO2 10.7
Beijing Kennedy et al. (2009b) 2006 CO2 10.1
Beijing Sovacool and Brown (2010) 2005–08 CO2, CH2, N2O 1.2
Beijing Dhakal and Imura (2004) 1998 CO2 6.9
Shanghai Kennedy et al. (2009b) 2006 CO2 11.7
Shanghai Dhakal and Imura (2004) 1998 CO2 8.1
Tianjin Kennedy et al. (2009b) 1998 CO2 11.1
Seoul Kennedy et al. (2009b) 2006 CO2 4.1
Seoul Sovacool and Brown (2010) 2005–08 CO2, CH2, N2O 1.6
Seoul Dhakal and Imura (2004) 1998 CO2 3.8
Tokyo Kennedy et al. (2009b) 2006 CO2 4.9
Tokyo Sovacool and Brown (2010) 2005–08 CO2, CH2, N2O 1.6
Tokyo Dhakal and Imura (2004) 1998 CO2 4.8
Singapore Schulz (2010) 2000–03 GHG 3.1
Singapore Sovacool and Brown (2010) 2005–08 CO2, CH2, N2O 2.7
Singapore Corﬁeld (2008) 2003 CO2 11.3
Kolkata This study 2000 CO2, CH4, N2O, SF6 1.63–1.64
Delhi This study 2000 CO2, CH4, N2O, SF6 1.86–1.86
Bangkok This study 2000 CO2, CH4, N2O, SF6 3.37–3.82
Beijing This study 2000 CO2, CH4, N2O, SF6 3.85–4.53
Shanghai This study 2000 CO2, CH4, N2O, SF6 8.81–9.10
Tianjin This study 2000 CO2, CH4, N2O, SF6 6.26–6.94
Seoul This study 2000 CO2, CH4, N2O, SF6 8.23–8.24
Tokyo This study 2000 CO2, CH4, N2O, SF6 8.44–8.45
Singapore This study 2000 CO2, CH4, N2O, SF6 7.70–7.70
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capita emissions in cities than national levels occurred (Dhakal,
2009; IEA, 2008).
The regression analyses suggest the inﬂuences on GHG
emissions from urban areas are complex. We conﬁrm the notion
that emissions increase with population and that density has an
inverse relationship with emissions. Moreover, our results suggest
that income (measured by per capita GDP) is strongly associated
with GHG emissions, but not as a straightforward linear
relationship. However, our ﬁndings do not completely support
the associated ecological modernization hypothesis, given that
most cities in the sample fall well below the turning point of the
curve, suggesting that income growth is unlikely to result in a
reduction of GHG emissions for most cities in Asia. We have also
found evidence that the trend might increase again with higher
levels of income.
For the future, we suggest further analysis and comparison of
urban emissions to global trends and more detailed modeling of
the inﬂuences on emissions from cities. Furthermore, trend data
could provide further insight into the usefulness of this type of
work. The results suggest that research using both these data and
bottom-up studies is necessary and together provide policy
relevant information at both the regional and local scales. Our
ﬁndings suggest the need for a more detailed examination of the
EDGAR database, including analyses directed at potential inaccu-
racies in the emissions estimates.
Despite potential inaccuracies and discrepancies in the EDGAR
dataset however, we see great potential for using EDGAR to
examine emissions from a large sample of cities worldwide, well
beyond the sample sizes typically garnered by other approaches.
These top-down estimates can be used by planners, policymakers,
and environmental managers to improve our understanding of the
spatial variation in urban emissions sources and their drivers at the
national, regional, and global scales. EDGAR and other global
datasets can be used also to develop forecasts of greenhouse gas
emissions under different policy scenarios, which allow us to
compare the overall effectiveness, efﬁciency, and equity of
mitigation strategies undertaken in different locations, at different
times, or at different scales. The EDGAR dataset was designed
precisely to support this sort of larger-scale interdisciplinary
analysis and decision-making.
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